Th e e nth alpies of co mbu s ti on a nd formation of one samp le of orth o-a nd two sampl es of paraAu orobe nzoic ac id s have bee n deter min ed by co mbu sti on in a n oxyge n-bomb ca lorim e te r. Th e data obtain ed by oth er investi gators a re discu ssed bri e Ry. Th e va lues obta ined a nd th eir es tim ate d unce rtainti es are as fo ll ows: 
Introd uction
Because of the in creasin g interest in haloge ncontaining co mpounds and since certain special techniques must be observed in the co mbustion calorimetry of these materials , it is important that a secondary standard referen ce mate rial be made available to all investigators working in this field. Such a s ubstance must have certain charact eristics common to most standard refere nce materials for calorimetry. The material mus t be stable in moist air as well as under oxygen pressure; it must be esse ntially non-hydroscopic and have a very low vapor pressure. It must be capable of ig nition and burn co mple tely without the nee d of any auxiliary material to yield well-defined combustion prod ucts.
Fluorin e com pounds in which the fluorin e to hydrogen ratio is less than unity burn to give all the fluorine as hydrogen fluoride ; where the ratio is greater than unity , significant a mounts of carb on te trafluoride will be formed. There s hould, therefore , be two reference standards, one of eac h type. This paper deals only with a proposed standard where all fluorine is converted to hydrogen fluoride .
Materials Be nzoic acid
The be nzoic acid use d for calibra tio n was NBS Standard R efere nce Material No. 39i for which the heat of combustion und er certificate co nditions was 2 Cert ain co mme rcia l products a re ide ntified in orde r to adequa te ly spec ify th e e xperime ntal procedure. In no case do es suc h id e ntifi cation impl y recom mend a tion or en dorseme nt by the Nat ional Burea u of St andards, nor does it imp ly th at th e produ cts identified are necessaril y the best avail ab le for th e purpose.
Standard Reference Materials. This material was designated as an Ultrex Product, Commodity No. 4979, Lot No. UHC 314. A certificate of analysis furnished with the sample indicated a minimum purity of 99.9 percent.
All samples were used as received with no further treatment.
Oxygen
The oxygen used in these experiments was a com· mercial grade of stated 99.9 mol percent purity, further purified by passing over copper oxide at 500°C and through absorbers to remove carbon dioxide and water. The small amounts of nitrogen and other non·combustible impurities would not be expected to have any significant effects.
Apparatus and Procedure
The adiabatic rotating·bomb calorimeter, the automatic shield-temperature controls, the method of sample ignition and the system for measurement of calorimeter temperature will be described in a forth· coming paper [2] ; a partial description is given in a report by Armstrong and Johnson [3] .
The sample was pressed into a pellet and weighed into a platinum crucible; the weights were corrected to weights in vacuum by the application of buoyancy corrections obtained from air-density measurements. The crucible was supported in the bomb such that the sample was in contact with a 2-cm le ngth ofO.075-mm diam platinum wire connected between the bomb electrodes. A carefully measured quantity of water (3.000 cm 3 ) was placed in the bomb which was then sealed, flushed with 1 dm 3 of oxygen and filled with 31.62 atm (3.203 MPa) with high-purity oxygen. The bomb was placed in the calorimeter, the calorimeter jacket was evacuated, the adiabatic temperature controls placed in operation and the bomb was heated electrically to approximately 24.98 0c. The calorimeter was left overnight with the pumps and temperature controls in operation.
On the following morning, calorimeter temperatures were observed at intervals of a few minutes during a 40·min initial period. Because of the heating effect of the 5-mA current through the platinum resistance thermometer, a continuous rise in temperature of approximately 0.001 °C/hr was observed. The sample was then ignited and the bomb rotated to obtain a homogeneous bomb solution. After about 20-min thermal equilibrium was approximately achieved and calorimeter temperatures were observed at intervals of a few minutes during a 40·min final period. The observed rise in temperature was determined by extrapolating the time-temperature curves for the rating periods to the time of ignition.
The bomb was removed from the calorimeter and the gaseous contents passed successively through a drying tube and a weighed absorption tube to collect the CO2 • The absorption tube was flushed with dry hydrogen before the initial weighing and after the CO 2-absorption to reduce the displacement correction. Weighing of the absorption tube was made against a tare, consisting of a similar but slightly heavier tube in order to maintain a constant load on the balance. This also tended to reduce possible errors which may be introduced by changes in humidity and atmospheric pressure between the weighings.
The bomb was then opened and the liquid contents transferred to a weighed polyethylene bottle. A weighed aliquot was placed in a polyethylene titration flask containing a plastic·coated, magnetic stirring bar, and CO2 -free air was bubbled through the solution to remove most of the dissolved carbon dioxide. Slightly less than the theoretical quantity of standard alkali was then added, the combination glass-calomel electrode was introduced and the titration was completed using a pH-meter.
A second aliquot was taken for the determination of nitric acid, which was made by a modified microKjeldahl procedure [4] . The modification consisted of substituting an infrared lamp for the internal heating coil.
In order to determine any variation in sample weight due to adsorbed moisture, weighed samples of each co mpound and of benzoic acid 39i were dissolved in 10 cm 3 of ethanol, the solution diluted to 30 cm 3 , and titrated with standard alkali, using a pH· meter. This was done to determine the carboxyl content of each sample.
The procedure for the benzoic calibration experiments was the same as for the fluoro-benzoic acid combustion experiments except that the quantity of water initially placed in the bomb was 0.3 cm 3 • Since no te mperature effect was observed upon rotation of the bomb, the rotation was usually omitted in those experiments.
Results and Calculation.s
The auxiliary values used in the calculations are as follows: The heats of formation and dilution of aqueous hydrofluoric acid were taken from Johnson, Smith and Hubbard [5] . The apparent molal heat capacity of HF in aqueous solution were take n from Parker [6] . Other auxiliary data were taken from Wagman et al.
[7].
The unit of energy has been taken as the joule; for conversion from data given in the conventional thermochemical calorie, one calorie is equivalent to 4.184 1-The standard calorimeter system was taken to include the empty bomb with all internal platinum parts exce pt the crucible. Th e res ults of the b e nzoic acid calibratio n experime nts are give n in tables 1 a nd 2 for observed te mpe rature in cre me nts of 1 K a nd 3 K res pecti vely. The certified value of LlUc for be nzoic acid (th e c hange in inte rn al e nergy for th e bo mb process) unde r certifi cate co nditi ons was -26434 J . g -I; this reduces to -26412 .35 and -26410 .36 J . g -I for LlUco at 26°C and 28 °C res pectively.
The he adings, in the order in whi c h th ey a ppear in th e t able s , are des cribed as follows: EEE-Std, the effective e nergy equivale nt of the s ta nd-
ard , e mpty calorime ter at the s ta nd a rd mean te mperature of th e e xperim e nt; Cv-co nt(i), the heat capacit y of the initi al bo mb co nte nts, in c ludin g th e sample, cru cible, water and oxyge n ; Corr to tm , a correction to the heat capacity of th e initi al calorime tric sys te m for the de vi a tio n of the actu al mean te mperature of the ex perim e nt from th e sta nd a rd mean te m pe rature; Corr-pa rts, a correction for alte ra ti o ns to th e sys t em . durin g th e series of expe rim e nts ; EEE-actual, the effective e nergy equiv ale nt of the actu al sys te m a t th e actu al mea n te mperature of the experime nt ; T e mp. rise, th e obser ve d in c rease in te mpe rature of th e syste m follo win g igniti on of th e sa mple ; Q-total, the to tal qu a ntit y of e nergy e volv ed obtained as mi n us th e product of EEE -actu al a nd the te mpe rature rise; q-i gn , th e electri cal e ne rgy add ed to the sys te m to ignite t he sa mpl e; q-deco m p HN 0 3 , the calc ulated qu a ntit y of e nergy require d to deco mpose a ny nitri c acid , form ed in th e co mbu s ti on process, into nitroge n , oxyge n , a nd wa ter; q-WC, th e W as hburn Correcti on [8, 9] applied to co nve rt all reactants and pro du cts to th eir respecti ve s ta ndard sta tes a t th e actu al fin al te mpe rature; q-corr to s td tf, a correc tio n applied for deviation of the ac tual fin al te mper ature fro m th e selected sta nd ard final t e mper ature; Q-s td rea ct , th e e nergy evolve d b y the reaction with produ c ts and reacta nts in th eir res pective standard states at the selec ted fin al te rn pe rature obtain ed as Q-total + 'Lq ; ms , th e mass of sam pIe LlUco, the e nergy e volv ed by the s ta nd a rd reaction at th e s tand ard fin al te mpe ra ture in J . g-I, obta in ed as Q -std react divided by m s.
All co mputations we re perform ed by m eans of a co mpute r progr a m ori gi nall y pre p ared b y G. H. S ho ma te, U.S. N aval Ordn a nce T es t S ta ti o n, C hin a Lake, C alifornia and later revised to includ e Au orine co mpo und s by G. T. Arm stro ng a nd E. J. P rose n of thi s Bureau , accordin g to the method of Hubb ard , Scott , a nd W addin gto n [9] . An itera tive process was use d for th e calibration expe rim e nts wh e reb y EEE-std was calc ulated from LlUco for be nzoic acid. Th e values in the tables were ta ke n a nd round ed fro m th e co mpute r print-o ut ; for thi s r easo n th e co m puted values whi c h are mo re exact may differ s li ghtl y fro m th ose gi ve n in th e ta bles.
T wo se ri es of calibration ex pe rim e nts were carried out beca use of the time lapse betw ee n t he seri es . Howe ve r, th e res ultin g e ne rgy equi vale nt was ve ry near th e calc ula ted valu e obtain ed by ta kin g th e te mper ature coe ffi cie nt of EEE -std as 1. 8 J .
The res ults of th e Auoro be nzoic acid co mbu stion ex pe rim e nts are gi ve n in tables 3, 4, a nd 5. Th e valu es obtain ed corres pond to th e reactio n: Th e va lu es obtained for HF appear to be low; th e disc re pan cy, however, may be du e to a sys te mati c e rror in de termi nation of t he quantity of nitric acid by the Kj eldahl reduc tion process which was less precise. In th e calc ulation of th e res ults th e co nve rsion of flu orine to hydrofluoric acid was take n to be stoic hi o metri c and th e e xcess acid was taken as nitri c acid.
T he res ults of thi s inv es ti ga tion corres po ndin g to reaction (1) are summarized as follow s:
Comparison W ith the Results of Prior Investigations
Good, Scott, and Waddington performed eight co mbu s tion experim e nts on each of th e three monoflu oro be nzoi c acid s were obtain ed by co mbinin g (square root of sum of s quares) 2 sdm (in perce nt) for the calibration expe rime nts, 2 sdm (in p erce nt) for the co mbu stio n experime nts , 0.01 perce nt for the uncertainty in the certified valu e for be nzoic acid , 0.01 perce nt for th e possi ble effects of orga ni c impurities in the sa mple, 0.01 percent for th e un certainty in th e heat of dilution of hydrofluoric acid and reaso nable estimates of all other known sources of error. 
Discussion
Certain impurities may cause seri ous a nalyti cal problems. In another sample of o-fluorobenzoic acid we fo u nd the purity to be 99.90 percent on the basis of carboxyl titration, 100.2 percent on the basis of carbon dioxide, and 99.9+ percent by melting point determination_ The heat of combustion was -3079.74 kllmol based upon the mass of sample and assuming no significant impurity. However, analyses of the bomb solution yielded only 83.3 percent of the theoretical quantity of HF. A careful study of the data indicated the presence of salicylic acid which was later verified by a massspectrometric analysis. Salicylic acid forms a mixed crystal with o-fluorobenzoic acid and, having the carboxyl group and very similar values for the weightpercentage of carbon, molecular weight, and heat of combustion, it can easily pass undetected. It is imperative, therefore, that a careful analysis of the resulting bomb solution be made and when a significant discrepancy occurs a mass-spectrometric study is in order.
We believe that p -fluorobenzoic acid is a completely satisfactory material for a secondary thermochemical standard for use in the combustion calorimetry of fluorine compounds. The material is non-volatile, nonhygroscopic, stable in the presence of oxygen, may be ignited easily and burns completely without the need for an auxiliary substance.
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